This paper provides a comprehensive review of the recent development on the switched reluctance machine operating in generating mode in both the low and high speed operations. The machine consists of a salient rotor and stator poles and controlled via switching of the power electronic devices. There is a steady development of the machine operating in the motoring mode; however, its generating operation is still under study. This paper gives an overview of the machine, followed by the principle of operation in generating mode and briefly discusses the structure and types of control methods which involve the switched reluctance generator (SRG). Due to its geometry simplicity and advantages such as robust, ability to operate over a wide speed range and absence of permanent magnet and windings on the rotor, the SRG promises to be a good candidate for variable speed application.
Introduction
One of the earliest motor during the 1830s was the reluctance motor based on the concept of electromagnet. Its development was hindered due to the requirements of complicated control circuits and high cost of power electronic devices. Furthermore, the emergence of a commutator motor in 1870s and the introduction of the magnetic circuit law in 1880s has given way to motors that outweigh the performance of the reluctance motor [1] . The Switched Reluctance Machine (SRM) made its come back only in 1960s due to the rapid development of power electronic devices and also the availability of high speed computers coupled with advance programming languages [1] .
The SRM is referred to as a doubly salient pole due to the salient pole of its stator and rotor structure [2] . Salient pole refers to the structure of the element protruding from the yoke into the air gap. The rotor and the stator are made of steel laminations, and only the stator poles have windings concentrated around it [3] . The rotor, on the other hand, is free from windings, magnets and brushes. The windings on one of the stator pole are connected in series with the opposite stator to form one phase. It can be arranged in such a way that more than 2 opposite stator poles can form one phase. The typical configuration of the machine includes 3 phase 6 stator or 4 rotor ( 6 4 ) or 12 and 4 phase 8 8 6 or 16 . The following characteristics of the SRM have attracted researchers to investigate its potential for variable speed application:  Simplified construction with rotor only consists of laminated steel;  Concentrated phase winding is only on the stator poles;  Absence of permanent magnet which gives low manufacturing cost;  Machine can operate at high speed and high temperature operation since the rotor can act as a cooling source to the stator;  Has higher reliability since each phase is electrically and magnetically independent;  Low inertia since it does not have windings or magnets on the rotor hence machine can operate at low wind speed and respond to rapid variations in loads [4] . The operation of SRM depends entirely on synchronized excitation of the set of stator windings to create continuous rotation of the rotor poles [3] . The movement of the rotor with respect to the excited stator phase varies the inductance of the machine periodically from maximum, where rotor and stator poles are aligned, to minimum unaligned rotor and stator poles. The inductance is maximum at the aligned position and minimum during the unaligned position. By proper positioning of current pulses, the machine can operate either as:  motor during increasing inductance profile or as; 12 8  generator during decreasing inductance profile. Various literatures are available on the motoring operation which covers almost all aspects such as fault [5] [6] [7] , application [8, 9] , structure [10, 11] , control [12, 13] and also on sensorless rotor detection [14, 15] . Its commercial application can be seen in vacuum cleaner, refrigerator, washing machine and also electric vehicles. We can conclude that the operation of SRM as motor has made a good progress; however, despite its advantages the operation in generating mode is slowly evolving.
While there are a number of papers on switched reluctance generator (SRG) being published, a comprehensive overview of the machine operating as a generator has not yet been published. Therefore, this paper makes an attempt to give an overview and highlight the recent development of the machine in generating mode. The paper is arranged such that section one discusses the operating principles of the SRG. The following sections include the machine structure, application, control and converter topologies employed for the generating mode.
SRG Operating Principles
The switched reluctance machine (SRM) has close similarity with a stepper motor in terms of its operation; however it differs in structure, control method and applications. While a stepper motor has multiple tooth permanent magnet type rotor arranged in a gear shaped piece of iron, the SRM has fewer numbers of poles and free of magnets. Due to the machine not having a permanent magnet, the magnetic field within the machine has to be created using an external supply. Because of this, the SRM drive requires a separate excitation circuit which is connected directly to the windings on the stator poles. The machine, therefore, relies on a single excitation source; a battery, a magnet or a charged capacitor with an initial voltage placed in series with the load [16] . As a generator, the SRM is designed for energy conversion system whereas the stepper motor is for position control. The Switched Reluctance Generator drive consists of the machine itself, the converter and also the controller as depicted in Figure 2 .
The operation of the machine is based on the principle that the rotor, driven by a prime mover, is free to move to a position of minimum reluctance to the flow of flux in a magnetic circuit. This is achieved by energizing and de-energizing a set of windings on the stator poles. Since an external circuit is required to provide excitation to the stator winding of the machine, it does not allow direct connection to an AC or DC supply. The operation cycle of the machine can be classified as excitation stage and generation stage. The excitation methods available in the literature is the self-excitation [17] and separate excitation [4] . The former is commonly employed whereas the latter requires a different bus line, separating the excitation and generation stage [18] . An essential component of the machine to perform switching sequence, exciting the stator phase in synchronism with the rotor position is the power converter. In generating operation, the machine is controlled in such a way that it operates along the decreasing inductance profile as shown in Figure 3 .
As can be seen, in Figures 3(a) (i) and (b) the rotor and stator is in the aligned position with maximum inductance. Excitation of stator phase must be made when rotor is moving pass the stator as shown in Figures  3(a)(ii) and (b) . In contrast to the motoring operation, the excitation is performed during the minimum, and along the increasing inductance region whilst the rotor and stator pole is unaligned as in Figure 3(a)(iii) . When voltage is applied across the stator phase winding, current flows through the winding, creating magnetic flux. This magnetic flux crosses the air gap between the stator and rotor poles. This in turn, induces magnetization in the rotor poles and cause variation of flux in the stator windings [19] . The movement of rotor in an out of alignment with the stator poles creates variation of reluctance flux path, proportional to energy conversion [20] . In every cycle, the flux must be established and returned to zero before excitation of the next phase.
As the rotor moves towards or away from the excited stator phase, torque (T) which is shown by equation below is created.
The torque is independent of phase current, i but relies on the slope of inductance profile. The excitation of the stator phase during unaligned position as in Figure 3(a) Figure 3 (a)(ii) there will be a braking torque trying to realign the poles back together. This creates a negative torque, extracting energy from the prime mover during generating mode. 
Applications of SRG
The simple construction of the machine leading to a low manufacturing cost has widened the acceptance of the machine. The features of the machine such as having the ability to operate under faulted condition, robust to harsh operational conditions and having a high power density has extended the motoring operation from domestic appliances to the traction applications [21] and automotive industries for hybrid vehicles [22] [23] [24] [25] . The application of the machine as a generator concentrates more on high speed applications where it was used as starter/generators for the aircraft industries [9, [26] [27] [28] [29] [30] and the automotive industries [31, 32] .
High Speed
In the automotive industry, the electrical load requirement has increased due to the introduction of electronically driven systems such as powered window, power steering, active suspensions, lights and pumps to improve comfort and safety features of the vehicles. The existing voltage level will not be able to cope with the increase of load hence a higher voltage is required [33] . This has introduced the concept of "more electric car" with requirements of an efficient, compact and reliable generation system. The conventional starter motor and alternator has been replaced by a single device; the integrated starter generator/alternator for integration with the internal combustion engine [34, 35] . The combined product produces higher power and efficiency, mainly used in the development of the electric vehicles [36] and hybrid electric vehicles (HEV) [37, 38] . The aircraft subsystems are previously powered by the hydraulic, pneumatic or mechanical means nowadays utilize the electric power [39] . The limitations of the conventional method to drive the subsystems failed to accommodate the increase in electrical energy required by the power electronic devices installed on the aircraft. The combinations of the electric power with power electronic components are believed to have increased the performance in terms of reliability, fault tolerance and also power density [40] . The reliability and the safety aspects of the aircraft system can be increased by performing simultaneously operation using two channels of the same phase. Since the excitation of each phase is performed independently, a fault or transient in one of the channels does not have an effect on the other channel [41] .
Low Speed
Amongst the growing potential, of renewable energy nowadays is the wind energy which account for the 3% of the world's electricity demand. It can be categorized into two groups: large wind turbine (LWT) and small wind turbine (SWT). The former provides generation of electricity from large grid connected wind farms [42] whereas the latter has been applied for off grid supply [43] in various fields such as road lighting, mobile communication base tower and also for individual housing consumer. In developed countries such as the USA, the SWT is employed to supply electricity to remote regions. However, there is great potential to use the SWT in a fully developed area where there is limited space for the expansion of power supply as it can be placed in areas such as roof top. Although the industrial scale is far behind as compared to the LWT, its contribution to the power generation is equally important. The on-going studies regarding the use of SRG for wind energy application proves it as a potential candidate alongside the conventional machines [17, [44] [45] [46] [47] . The existing technologies for wind energy applications include the permanent magnet (PM) generators, doubly fed induction generator (DFIG), synchronous generators and also the squirrel cage induction generator [48] . However, the existing generators has its shortcomings such as the squirrel cage induction generator operates at constant speed as well as having large values of the capacitor to attain the power factor close to one. The issues with using permanent magnet are the high cost and the demagnetization of the material [49] . Also, it operates on high torque, which is a disadvantage at a lower speed [17] . The induction machine though is robust and requires less maintenance produce low efficiency. There are concerns over safety system for DFIG during fault conditions due to the small/ limited converter rating on the rotor side as compared to the DC link converter [50] .
On the whole, the acceptance of the machine as a generator has sparked an in-depth research into areas such as the control strategies, optimization method, and machine structure and also on converter topologies. The discussions in the subsequent sections will be based upon the applications mentioned above.
Structure of the Stator and Rotor Pole
The numbers of the stator and rotor poles are designed to avoid the zero torque regions. This leads to the design of the machine having a symmetrical and equally spaced number of stator and rotor poles [51] . The periodic cycle of one rotor position decreases as the number of rotor poles increase shown below where N r is the number of rotor poles.
1 cycle of rotor position = 2π
Taking an example between a 12/8 and 12/16 machine having the same number of turns, current density in the winding and stator dimensions, the inductance profile of the higher rotor poles is narrow as compared to the machine with lower number of rotor poles. Therefore, a higher number of rotor poles machine will require more excitation as seen in Figures 4(a) and (c) . Nevertheless, it gives better torque profile than the machine with lower number of poles as depicted in Figure 4(d) . The average torque, T ave of the machine can be represented in terms of the energy conversion loop:
where S is the number of strokes per revolution and W is the area corresponding to the conduction interval for each phase in the magnetization curve. The number of strokes can be written as: (4) r is the number of rotor poles and m is the number of phase. The energy conversion loop reduces as the number of rotor poles is increased. To analyze the machine structure for both the high and low speed, the voltage across the phase winding, neglecting the winding resistance is represented as:
High Speed
When the voltage V and number of turns, N is constant, the time for the flux to build up at high speed is shorter, resulting in a low d d
 . Therefore, lower number of  poles machine has been suggested for a high speed application whereas the high number of poles for a low speed application [3, 47] . The reason being, lower number of poles has larger conduction/dwell angles thus allowing the flux to reach its desired level at high speed. Also, according to Equations (3) and (4) the lower number of poles provides higher generated energy due to the larger energy curve.
Low Speed
In contrast to the high speed application, the magnetic flux at lower speed requires longer time to build up resulting in a high increase of d d
 [52] . Therefore, a high  number of poles are suggested for low speed to avoid saturation in the machine. However, having a higher number of poles will reduce the energy conversion curve hence the generated energy. Also, the aligned to unaligned inductance ratio is reduced. This will lead to a high peak current resulting in higher converter VA requirement [53] . The high number of poles reduces the energy cone t et al. [56] looked into various nu is stage of research, there is no right combination of
Control Strategies for SRG
e is said to mirror to provide a const g both turn on and turn off angles; t keeping the n and turn off angles. m to optim ination of the stator and rotor pole for SRG. v rted per stroke, but it can be compensated by frequent phase excitation. Thus, the high number of poles machine is able to produce the same output power as the lower number of poles machine at the expense of higher iron losses [47] . The combination of the stator and rotor poles is categorized based on the application of the SRG in the low and high speed applications as in Table 1 using the available literatures. It is apparent from Table 1 that there is no specific configuration for low speed and high speed operation.
Mueller [53] and Lovat mber of stator and rotor poles combination. Both findings are similar where it was found that the relative performance such as current density and co-energy will not be affected by increasing the number of poles per phase. They also agree that there is a limit on increasing the number of poles as further increase shows no improvement in performance. According to Mueller, all machine topologies are similar in terms of efficiency and are able to produce the required output power at a given rating. The difference depends on what is required for a particular application. Although the 12/8 machine provides the best power factor and excitation penalty, a 12/16 was preferred by Mueller based on its torque density performance. A new family of the SRM with a higher number of rotor poles than stator poles can be achieved using a pole design (PD) formula [57, 58] . It shows a significant improvement in torque per unit volume characteristics with lower ripple as compared to the conventional machine structure which has a higher number of stator poles.
At th stator and rotor poles which gives an optimum output performance. In terms of maintenance and reliability, large number of poles with a large number of phases has the advantages, since fault on one phase may be isolated leaving other phases working, hence less interruption. Apart from that, the current per phase may be reduced by splitting across phases, therefore, lowering the rating of the semiconductor devices per phase [59] . Nevertheless, having a higher number of poles and phases increases the control requirement. The choice of configuration depends on the requirement and types of application. The generating operation of the machin the operation of the motoring mode [18] . For this reason, similar control strategies can be adopted. However, the control objectives and control implementation of the motoring operation differs for the generating mode [60] . This can be achieved by understanding the motoring operation of the machine. In motoring mode, the excitation of the phase windings is made during the minimum inductance profile. During this time, a high rise of current is expected hence at low speed current chopping mode is employed for overcurrent protection. In contrast to the generating operation, the excitation is made during maximum or increasing inductance profile. The phase current will be low at starting and will slowly increase as the rotor moves away from the stator pole, decreasing the inductance value. Once the signal reaches the turn off angle, the increase in phase current can no longer be controlled. Therefore, the current chopping mode is not suitable for generating operation especially at low speed and under heavy load conditions [61] .
The objective of the SRG control is ant output voltage and power over a wide operating speed range [62] . Several studies investigating the single pulse mode (SPM) operation shows that the firing angles such as the turn on (T on ) and turn off (T off ) angles are the key elements to improve the performance of the machine in terms of efficiency [63] . Some of the control strategies to determine the turn on and turn off angles uses fuzzy logic [4] , flux linkage [64, 65] and also curve fitting [55] . The implementation of these firing angles can be grouped into:  Fixin  One of the angles may be varied whils other constant;  Vary both turn o Related studies on the control strategies ai ize the machine parameters to maximize the performance. One of the most influential parameters which affect the performance of the machine is the firing angles. It is not a straight forward procedure to determine the optimal firing angles since the machine is highly nonlinear with 
The terminal voltage will be negativ ing due to the freewheeling current through the diodes. U e during generatsing the separation of variable method to Equation (6), phase current, i is analyzed as follows:
whe is the phase inductance, R i windin esistance, ω is the angular speed and t is the time. According re L s the g r to Equation (7) the current will slowly increase depending on the voltage level and placement of turn on angle on the inductance slope. The current will start to increase as the rotor moves away from the aligned position. The current will keep on increasing when the back EMF is more than the terminal voltage and slowly extinguish to
approaches the minimum value. From Equation (7), the parameters which may increase the phase curre are speed, voltage, placement of firing annt gles and also reference current. As can be seen, there are several parameters affecting the phase current hence it is not a straight forward procedure to determine the optimal firing angles for SRG. After turn off angle, the phase current may increase or decrease depending on the amount of stored energy and back EMF as shown in Figure 5 . By placing the turn on angle before the alignment position allows the current to build up as depicted in Figure 5 Copyright © 2012 SciRes. EPE too far in the increasing inductance region, the generating current will tail off in the next phase of excitation and may reduce the generated power. If the turn off angle is held constant, whilst the turn on angle is moved along the decreasing inductance profile, the dwell angle, which is the difference between the turn off and turn on angle reduces as shown in Figures 5(a)-(c) . This too will reduce the power generated by the machine. As can be seen, it is not a straight procedure to determine the optimal angles for SRG. Therefore, various control strategies have been proposed to determine the optimal values of firing angles based on the specified criteria.
High Speed
For the aircraft and automotive industry, the generating operation is required to supply DC electrical power to various vehicle engine and loads; therefore, the control objectives are to maintain the DC link voltage within the specified limit [27] . This can be achieved by using a voltage feedback control loop coupled with a PI controller. The control system using the turn on angle as the output of a PI controller yield a linear function of DC current versus turn on angle for various speed [29] . In [9] , a fixed firing angles are used to generate the necessary current to maintain the bus voltage. The turn off angle can be characterized as a function of power and speed in [55] . An analytical curve is used to determine optimal turn off angle whereas turn on angle is adjusted to regulate the power. It is assumed that the machine gives optimal efficiency once optimal turn off angle has been determined. Mese et al. [ neration peand relies heavily on the flux, curdetermine the intersection and also low torque ripple for an electric vehicle application [54] . For those reported methods, in summary, the objectives were confined to maximize torque production, minimize losses and also to minimize torque ripple.
Low Speed
The control strategies for wind energy application are mostly based on speed feedback control. The strategies such as the current chopping mode [43] and pulse width modulated method (PWM) are employed to allow the initial current to reach the reference value especially at the low speeds where the back EMF is small [17] . There are not many literatures, which focus on the low and medium speed operation. As mentioned earlier, the common chopping mode for motoring is not suitable for the generating operation unless a high value of power is required. The current chopping mode control method is normally used at low speed for the wind energy conversion system (WECS) application [44, 47] . The WECS application ensures an optimum operation of the wind turbine for a particular wind speed by relying on the conversion coefficient of the turbine. The method, however requires measurement of wind speed [45] . A power control strategy was used to maintain the required load demand. Another method to control the output power is achieved by using a fuzzy logic controller to regulate the turn on angle whilst the turn off angle is kept constant [46] . The resources on the application of the machine for the control strategies in wind energy are still limited. The method based on constant output power requires the ma ce power. This limits the rgy according to 67] uses a mapping strategy to chine to follow the set of referen potential of the machine to extract ene determine turn on and turn off angles that produce maximum power based on a minimum RMS phase current. Heuristic selection algorithm is used to identify the optimal angles hence the method is rather time consuming. Furthermore, it did not include any development of a function relating the optimized parameters with machine performance. Similarity between the methods above involves the use of phase current as a state variable. A simple formula to compromise the performance between high efficiency and low torque ripple has been proposed using flux linkage control. It can be used for both the single pulse [62] and current chopping mode [64] . The method assumes excitation period equals ge riod at constant speed rent and inductance profile to angles of the maximum flux and peak current. Also, the output power generated catered for a specific load requirement. A capacitive output filter is designed together with the voltage feedback control to reduce the voltage ripple [68] . A new control method using multi-objective optimization function was proposed to accomplish three criteria including high torque, high operating efficiency the wind velocity.
Power Converter for SRG
As the control between the motoring and generating operation differs in terms of objectives, the same converter topology can be employed. The end windings of each phase will be connected to a converter circuit. The converter circuit controls the phase current through the windings by providing a path through the switches during excitation and diodes during generating operation. Therefore, the operation of the machine during one cycle can be categorized as two stages: excitation and generation. The switching strategy has an impact on the efficiency of the SRG [ -69]. The commonly described converter circuit for the SRG is the Asymmetric Half Bridge Converter (AHBC) consisting of two switching devices and two power diodes per phase. The implication of using a higher number of switching devices per phase limits the number of phases for a machine in terms of space constraint/cost. There have been studies on alternative converters for SR ge-nerator using a reduced number of devices. In [70] , a converter topology having one number of switch and diode per phase allows the load to be supplied from the grid even when the SR generator is not running. Unlike the conventional AHBC converter, the supply voltage will be in series with the back EMF during the generation process supplying load continuously. It is only suitable for constant speed applications. Another converter topology with a reduced number of devices was proposed in [71] . The operating characteristic of the new proposed suppression resistor converter topology is similar to a conventional AHBC; however, it is only suitable for a single pulse mode operation. Aside from generating DC power, the SR generator can also be used to regenerate AC power using a sparse converter [72] . This opens a new research area in terms of generating AC voltage usthe available research in the gehigh speed applicart, the commercial erimental set up is feasible. H [1] ing SR generator.
On the whole, the researchers on converter topology for generating operation focus on ways to reduce the number of semiconductor devices. The aim is to minimize costs and size of the overall device. However, with a reduced number of switching devices, the converter is not flexible in terms of control. This might be one of the reasons that although new topologies have been suggested, researchers still choose the conventional AHBC converter. The generating cycle determines the type of converter to be used for a particular application. Since current chopping mode is not suitable for generating operation, the reduced number of the converter can be selected in an effort to reduce cost and save on space. At the moment, there is no specific converter topology which has been assigned to either the low or high speed application.
Conclusions
Based on the application of the machine, the operation of the switched reluctance generator can be categorized into the low and medium speed operation and high speed operation. The operation of the machine at high speed can exceed the speed of 20,000 rpm for the aerospace applications, which is beyond the speed encountered in wind energy system, which could be as low as 200 rpm. Overall, the previous studies have acknowledged the potential of the SRG as one of the candidates for variable speed applications. However, nerating operation mainly covers the tion. Unlike its motoring counterpa application of the machine as a generator is still limited.
The objective of this paper is to provide an overview of the machine in generating mode focusing on its application, machine structure, control strategies and also converter topology employed. It can be concluded that the existing research on SRG is mainly focused on enhancing the performance of the machine based on the individual element of the drive such as the control, converter and also the machine geometry. For such specific study, which does not require many changes on the machine parameters, an exp owever, to analyze the machine thoroughly, various changes on the parameters have to be made. This would incur high cost and would be time consuming if the changes were to be performed during the experimental stage. Hence, to date there is still no specific controller, converter or machine configurations which have been proposed for the generating operation.
The development of the SRG lacks a platform which enables researchers to perform analysis on the overall system before developing the machine prototype. To aid in the development of the SRG and to close the commercial gap between the existing machines a simulation platform of the overall system is required.
